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Abstract

The purpose of this work was to mathematically model the heat transfer

in an active packed bed heat exchanger and to develope an appropriate num-

erical scheme for the solution of the temperature field. As active packed

beds are beinc considered for use in nuclear reactors, concern is generated

as to whether regions of relatively high temperatures will develope. quch

con-ern is the impetus behind the application of our program to two appli-

cations concerning heat transfer in packed beds assuming (i) variable por-

osity of the Brosilow type and assuming (ii) the existence of blockages.

The results show that for the case of a packed bed with the

( porosity distribution the so-called hot spot occurrs near the will of the

bed. Iti magnitude and position were seen to be strongly affected by the

assumed velocity profile and wall boundary conditions. In addition as the

proposed mathematical equations include axial -onduction as opposed to a

previously developed program which excluded axial conduction and as the

results of the two programs approached one another as the Re increased, it

is reasonable that the previous program, (as it is based on paraboli-, not

elliptic equntions as in the present case), could be implimented vith

little error expected due to the lack of axial conduction.

In the case of the blockage, however, because of small mass flow

in the blocked region, the axial conduction is important and the present

program must be used. Effects of variable or constant eddy diffusivity,

wall boundary conditions, position of blockage and effective thermal con-

ductivity of the solid are investigated.
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o - Iatr ure

Cp (bm -F ) specific heat capacity at constant pressure

p ( ft ) diameter of sp:ierical particles of p:icked bed

F ( ft 2 / sec ) eddy diffusivity

i (3tu/ft -hr-"7 ' heat trau';fer cocf_ iCc A t ..

spherc and ; hased 0:1 '-:Iii I--(

1v (7tulft 3 -hr OF) as a )ov exc Pt it is S c). on :21i ..

h:..7, h_.: ( 3tu/ft 2 -hr-'F) heat transfer coefficients at te wall for

the solid and gas

HT (ft height of packed bed

ks, kg ( Btulft-hr-°FP molecular thermal conductivities for te

solid and gas

ks*, k' ( Btu/ft-hr-*F) effective thermal conductivities for the

solid and gas

Nu ( ) Nusselt number; hkgp
kg

Pe' ( 0 ) modified Peclet number; E

Pr 0 ) ) Prandtl number; kg

Q' C Btu/ft 3 ) rate of heat production per unit solid volume(
r ( ft ) position in radial direction

r* ( 0 ) non-dimensionalized radial position; r/RT

RT ( ft ) radius of packed bed

Re ( 0 ) Reynolds number; Vn.RT

Ts, Tg ( OF ) temperature of solid and gas

T C 0 ) non-dimensionalized gas temperature; Tg/T o

Ta ( OF ) ambient, wall temperature

To  ( 'F ) inlet gas temperature

' C ft/sec ) axial velocity
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e -~

I * ( non-dimensional axial velocity; U/Vo

j V ( ft/sec ) radial velocity

V* ( 0 ) non-dimensional radial velocity; V/Vo

I V0  ( ft/sec * mean inlet gas velocity

x ( ft ) longitudinal position

x ( ( 0 non-dimensional longitudinal position; x/HT

0 porosity; voidage volume
( unit volume )

( ibm/ft 3 
) density of the flowing medium

e ( 0 ) non-dimensional temperature of the solid

( ( ibm/ft-sec ) viscous stresses

II ( Ibm/ft-sec ) dynamic viscosity

V, ( ft 2 /sec ) kinematic viscosity;
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'cat cxc aners -ave diversified uscs in irdustry. TC tra:'sfcr of

.icat to a flowin- meduitim; the stora' e of heat; and c emical regeneration

are a few suc> uses. More specifically, packed bed heat exc angers offer

the advantage that large rates of heat/chemical transfdr can take place in

a relatively small volume. A packed bed is typically a collection of small

spkeres, (however various shapes are possible), housed in a cylindrical

tube in such a manner that the spheres' positions are stationary; see

fizure 1. Small, tightly packed particles are what yield t'ie high surface

to volume ratio, 6.(l-6)/Dp ; thereby resulting in good heat transfer

( properties. Such an advantage is why packed beds, vith elements coated

with fissionable material; were considered as likely candidates for use

as nuclear reactor cores. In fact, plants using such packed beds as reactor

cores, are in operation presently.

One concern, however, with the application of packed beds in nuclear

reactors, is the existence of regions where temperatures can achieve sig-

nificantly higher levels than tie rest of the field. Such concern stems

from the fear tat -reater-than-disigned-for temperatures can arrise in

these regions and may impare the safe operation of tie facility. These

re-ions of relatively high temperatures arrise from two principle causes:

(i) because of the nonuniformity of tthe porosity distribution,6, regions

of relative minima in £ develope where relatively large heat transfer rates

occurr between solid and gas, (thereby resulting in higher temperatures),

and (ii) because of blockages that may develope as a result of a) the

retention of dust or foreign matter or b) of the breakage of particles due

to possible tiermal stresses, higher temperatures may result as well.

It would therefore be useful to be able to mathematically model the

problem of heat transfer in a bed of active particles where variations in

the porosity occurr or blockages exist, and subsequently develope a numerical

technique for distributions. Such is the purpose of this work.

The paper will be divided into six chapters: the mathematical state-

ment of heat exchange in an active packed bed; numerical approach used for

the solution; optimization and verification of numerical approach; study

of the formation of hot spots due to variations in the porosity distri-

bution; study of formation of hot spots due to blockages; and summary of1{

!if1
- - -wj-~ - __________________



important results and conclusions.

1. Mathematical Statement of the Problem

The first choice that must be made in modelin- heat transfer in a

packed bed is whether to enforce the conservation of enercy by considerin-

the -as/solid mixture or by considering the gas and solid separately; i.e.,

to consider a one phase or two phase system. A two phase approach is

chosen for this work. In addition, as variations in the Q direction are

assumed to be zero, an axis-symmetric, two-dimensional system is used.

The pair of differential equations, conservin- energy in the gas

and solid state respectively, are derived in appendix A. The results are:

(conservation of energy in the gas:

(l.)(prrcp)kgt -" ) =rr~g hv - (Ts - T-)

conservation of energy in the solid:

(2.) - Ix (ks*bTS. ) - l .b. (rks ) hv(Tg - Ts) + Q'" (1 -0)
bx 6x r br b

The basic assumptions are enumerated in appendix A. ks* and kg* are

effective thermal conductivities. It is left to express these quantities

in terms of their molecular counterparts ks and k7. kg* is given as in

reference (I ): kg = e.k- + f.Cp.F. This form is identical, save for the

factor C, to what the effective thermal conductivity becomes when one

assumes an eddy diffusivity, associated with the Reynolds stresses in the

averaged turbulent momentum equation, that is defined analogously as

is defined for the viscous stresses't in the Navier-Stokes equations.

kg* has an additional term, P.Cp.E, which takes

account of the heat dissipated by the turbulent flucuations. We take ks*

as: ks* - (1 -0.).ks. However, this form for ks* only takes account of

the gross effect that porosity may have on the effective thermal con-

ductivity. It fails to consider that heat conducted through the solid

phase really depends upon the number of contact points between spheres in

a given region. Given that conductivity based on the number of contact

points is hard to define, we use the above-mentioned expression for ks*.

It is important to notice that theie expressions for kg* and ks* take

account of the fact that not all of the surface of any given face of V

(the differential volume in appendix A.), is entirely available to either

S" • - ... .. ---.. .... . .. . ..
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the conductive energy flux of the gas phase or of the solid phase. This

is expressed by the terms 6.kg and (1 -6).ks.

In the construction of the differential equqtions, we make the

assumption that the porosity "at a point", based on an infinitessimal

volume element, is the same as what would be given if the porosity were

based on any planar side of the infinitessimal volume element; i.e., at

a given point, & based on volume, is equal to e based on area. However

talking about porosity defined at a point is rather misleading; for,

given a point at r,@,x, strictly speaking the porosity is either zero or

one. Therefore the porosity is discontinuous and the application of

partial differential equations is invalid. But, as our partial differ-

ential equations do not incorporate variations in the 0 direction, we

( may, hypothetically anyway, average out the variations of rin the a

direction. Assuming such a function could be experimentally derived,

this yields a continuous function in x and r. See figure 2. for a

clarifying illustration. A function in r that we use in much of our

calculations is as given in reference (3):
RT - r + os(.2-R

(3.) 6 = 0.4 + 0.3 Exp (-3.5 (- (I cos 2 (- (
RT r p RT Dp RT

Exp (-0.8 (- (I - )Dp RT

Equations (I.) and (2.) form a coupled elliptic system for the un-

known temperatures Tg and Ts. Therefore Diriclet, Neumann and/or-mixed

boundary conditions must be specified for both the solid and gaseous

temperatures, completely around the boundary. The boundaty conditions

( used are:

(x = 0, r): Tg = To; b O or Ts To

(x, r = RT): -kg* 0 hgwo(Tg-- Ta); -ks* r hsw.(Ts - Ta)

(4.) r w

(x = HT, r): -TS 0
)x bX

(x, r = 0): = 0
br br

In passing, the other parameters used in (1.) and (2.) include hv , the

volumetric heat transfer coefficient which governs the rate of heat trans-

fer between solid and gas, and Q' the rate of heat production per unit

solid volume.

The boundary conditions at the inlet reflect (i) that the gas enters

at a known temperature and (ii) that the solid could also maintain this

temperature or could assume, as the gas and solid temperature fields do

1.1,-~- -- -r-- j -



at the exit, what we believe the more realistic condition that the normal

derivative of the tempcrature is zero. The boundary conditions at the long-

itudinal axis simply reflect an assumed symmetry property. The boundary

condition at the wall is a mixed one. Setting hgw/kg* and hsw/ks* equal

to zero or a very large number, an adiabatic or an isothermal wall condition,

respectively, is enforced.

2. Numerical Treatment of the Problem

In preparing (1.) , (2.) and (4.) for numerical treatment, it is

conenient to non-dimensionalize them beforehand. Using the expressions:

x* = x/HT, r* - r/RT, U* - U/Vo, V* = V/Vo, T = Tg/To, e - Ts/To,

Pr = 4+Cp/kg, Re - Vo.RT/V , Nu - h-Dp/kg, ks* = (1 -E).ks,

( kg* = f.kg +.Cp.E

we get the following non-dimensional equations and boundary conditions:

(. rE/))- RT . b2T -1 RT E 2T

5. Re.Pr UT2 " + Pr'(E/))x*2 " Re*-r.' 2 "( + Pr.( EIT)) - 2 +

( -l*-..RT2 ( + Pr.. (E./Q))) + ++CUT: ReeP PT bx* bx O
V* -1 RT b. (+ Pr. (E/.RTT( " R- '( * Pr"* (EI))) T r* + e r T r

Y -1RT r* + Pr. b- "V) (El) -w ----- T-~--)-- b
-T Te RT2 br*r Re.Pr-RT7 r

6.(l -C&) Nu RT
Re.Pr Dp2 -T)

-R 12@ - RT (1-,)(sk) 2

(6T (1. ) .(ks/kg)v * 2  RT2 . Re-Pr /kg) *2 +

RT k
.((ks/kg) - (" +1UT2 •Re•Pr bx*

(1 -G.) a___e.)
RT M (ks/kg) - (1 ()(ks/k3,)) -

r* br* br*
6 -(1 - )N.R T .8 RT.Q'. (I-)

Dp2  Re.P Re.Pr-kg.To

(7.) (X* 0 , r*): T = 1, = 0 r

(x*, r* -1): -T. (hgw.RT/kg*).(T - Ta/To)

r. =(hsw.RT/ks*).(i - Ta/To)

. x* x* 0

(x*, r* O): M M

*br* or*

Such a system of equations and boundary conditions must in general be

solved numerically. A constant space grid that is used is indexed below:

- _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



- 5-

writing (5.) and (6.) symbolically as

-AA1 2  - " r . 2  "

-AA2~2
AA XCI +L Uk T + Vl aL + H'T - H.0

-AA *2 - CC2 @2 + U2 b + V2 + H.0 = H.T + Q

and given the finite difference expressions,

(T*2)ij = (Tij+l - 2 Tij + Tij.l)/DR2

*T22)ij = (Ti+lj - 2 Tij + Ti-lj)/DX
2

(XT)ij - (Tij - TI- 1j)/DX

(bT )ij = (Tij+l - Tijil)/2.DR, simimarily for 9, one can derive(
the following difference equations for T and 8:

.- ~ lAA1 CO. U-Ccil V1
(9.) Ti] -CCl vi + Tij ( 2 (AA-1 + -c + - + H) + Tij+l ( +' ) -

-1( DR DR=D R D DX =DR1  2 *DR
.AAl + Ti+l j XAAI

ej (H) Tri..j =DX + DXD AA2 CG2 U)-C V2

(9.) -CC2 V2 AA2 CC 2, + H)+ ( ;* + -V(97 ijI D -R + 9ij (2(D.-. + D-__ + +@i_ DT
=J1

' ~ 2DR rDR DX1- DR DX CJ DR' 2.DR
Tij (H) = Ri-lj AA2 + L2)p i (+ A A2)

+ M) +7 + Q'i

one could consider, in the solution of (8.) and (9.), that temperatures

at all nodal points are unknown values. But as this would lead to the

inversion of an extremely large, sparse matrix, an alternate method

should be found. The problem in employing any alternate scheme is the

existence of the terms in (8.) and (9.) contributed by the axial con-

duction; namely Ti+lj and ei+lj . If the temperatures along row i are

to be solved for, then guessed values must be assumed for these terms.

An iterative procedure is clearly called for. This is the complication

introduced by the elliptic nature of the equations.

Assuming t'lat all temperatures are known in t'ie kt h iteration at

all grid points up to and including the (i-i)s t row and in tie (k-l)s t

iteration in t ie ith row and above, t e coupled differenced equations

(I.) and (9.) are applied to t'ie temperatures in the it-- row of grid

points for all J. A special type of matrix equation is obtained whose

form is s:iown in figure 3. Employing an efficient subroutine to solve

this matrix system for Tij and 9ij along row i, t ,ese values are sub-

sequently "over-relaxed" by the use of a met od which employs the

I
-v: -



- 6-

following formulas:

(Tij) k = (Tij)kl + ''S-((Tij)matrix - (Tij)kl)

("ij)k = (Rij)k-l f JS'((Qij)matri, - (Aij)k-l)

Tlis procedure is termed relaxation by lines and is used to accelerate

t e convergence of the solution method. WS is called the over-relaxation

factor, those value is typically between 1 and 2. As we proceed to te

next row, we can use te newly updated values of the i12 row in our

calculation of tie values in the (i+l)st row as -iven by the matrix eq-

uation. Proceeding in this manne- through the bed one can check whether

the largest error between iterations satisfies some error criterion. If

not, one must start the process ajain, repeating as many iterations as

necessary so as to obtain convergence.

As a final note, it may have been observed that the finite difference

expressions used for -T in derivin- ('.) was a first order, one-sided

difference expression; unlike the central difference eauation for hbr
'-.e reasoninj for t:,is lies in t ic asscrtiou that for hih eno:;. le t :e

first derivative term in eqjations (5.) is significantly greater in

magnitude than other terms, and, according to reference (4), to avoid

numerical instabilities in the solution as well as enhance the accurracy

of the solution, the one-sided, or upwind, differencing scheme should be

employed to Z T . Unfortunately the upwind differencing scheme was also

applied to i. As no relative weighting with respect to Re exists be-

tween the first and second derivativeterms in equation (2.), the rational

for using the upwind schemefbe aa was inappropriate for use on ha

Therefore it was inconsistent to apply upwind differencing to 6x and

it is possi)le that the solutions obtained were not as accurrate as could
have *>een obtained usiuii central differcncin- on however t'e

discrepencywould be small and would have no implications on conclusions

to be drawn.

3. Optimization and Verification of Numerical Method

This chapter concerns itself with the actual implimentation of the

numerical method in obtaining solutions with the purpose of minimizing

the number of iterations necessary for convergence and the cot'Parison of

the actual results with those generatedbya priviously established num-

erical proceedure which ignores axial conduction. Besides the usual

-- -w i:j __ ___ ____ ___ 
11-
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ieometric and physical/thermal properties of the gas and solid, the porosity,

the velocity field, the Nusselt number and eddy diffusivity, E, must be

specified in order to generate a solution, Psing a reasonable value for

Nu; settin F to zero; and as required by the analytical solution ,

assumin the velocity and porosity are constants, (U/Vo 1 1 and = 0.4),

the numerical proceedure as presented in this paper was applied. As for

boundary condition, the -as and solid were assumed at a 'iven temperature

at a riven temperature at the inlet as well as at the wall.

Althou-h the discretization method as described by equations (,.) and

(9.) was found to be quite satisfactory, in our first attempts to achieve

a solution, an alternate method was also considered. This alternate

method is equivalent to employing (9.) and (9.) except that the nodal

( temperatures multiplying the coefficients U1, 1", Vl, V?, were considered

at the (k-l)s t iteration. The obvious superiority of the method represented

by (.) and (9.) is reflected in figure 4 . The advantages are shown in

two ways: (i) a much lower number of iterations is necessary for con-

vergence and (ii) the first method is less sensitive to changes in WS than

the second. What may also be seen in figure 4. is an agreement with the

assertion that for an elliptic equation with constant coefficients, the

WS that results in the minimum number of iterations, lies between 1 and ?.

This is seen to hold even for a variety of Re.

The method of calculation having been established, it remains, as a

further check, to compare the results of the numerical solution presented

here, (assuming constant porosity, velocity and an isothermal wall con-

cition), to those results given by an associated numerical solution

which has already been developed and which ignores axial conduction.

This numerical proceedure is based on the parabolic mathematical equations

which one obtains when axial conduction is ignored. Such a system has

the numerical advantage that the solution can be found directly without

iteration. The results of the numerical solutions for a Re of five thousand

are shown ip figure 5. In addition, the results of the previous num-

erical solution ignoring axial conduction; are compared to an analytical

solution which ignores axial conduction by construction as well and which

can be generated in terms of Bessel functions. This comparison is almost

exact. As the difference between the numerical proceedures is the in-

clusion of axial conduction, it follows that the difference in the num-



erical results is due to the conduction of heat in opposition to the dir-

ection of the flow. Looking at the non-dimensional equation (5.), one

sees that the product Re.Pr determines the relative importance of the con-

vective terms relative to the conductive terms. Therefore as the Re in-

creases, one would expect that the diffusive terms play an increasingly

less significant role and as figure 6. shows, that the numerical solutions

should approach one another. Thus for Re*Pr down to about ^50 the solution

-iven by the numerical proceedure includin- axial conduction should approx-

imate the numerical solution excluding axial conduction to within 1% .

This implies that there exists, for given parameters, a Re, above which the

simpler parabolic system of equations can be used; and below which the

more complex elliptic system must be employed. However, as seen in figure 7.,

( this relative error does not exhibit a uniform distribution, but is a

function of the position of the bed. The result that the relative maxima

of error occurr near the exit and near the wall of the bed, can be ex-

plained by figure 8. . Figure 8. shows that the second derivative of the

gas temperature is highest near the bed exit and near the bed wall; and

therefore one would expect that in these regions the relative discrepency

between the numerical solutions would be greatest.

It is seen, therefore, that the numerical proceedure described in this

paper can be optimized in the sense that the number of iterations are min-

imized, by keeping IS between 1 and 1.2 . In addition, the agreement

between the results of the numerical approach presented here and the results

of the numerical proceedure which ignored axial conduction, being shown

to become better as the Re increases, serves to justify that the program

is operating properly.

4. Study of the Formation of Hot Spots Due to

Variations in the Porosity Distribution

In order to better simulate the local properties of a packed bed

and its heat transfer characteristics, experimental expressions for the

porosity, given as equation (3.), for the local Nusselt number, given in

appendix Cl, and expressions for parabolic and turbulent superficial vel-

ocity profiles are used. The expressions used for the velocity profiles

are given in appendix C2 and are graphed along with the porosity and

Nusselt number distributions in figures 9. and 10. respectively. The

I
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oscillatory variation of the porosity is a result of the influence of the

wall containing the packed bed. The porosity is 1 by definition at the

wall and as the center is approached the porosity becomes a constant

value, (typically 0.4 for a lightly packed random bed). Figure 11. shows

the gas temperature obtained at the exit of the bed for a constant velocity

profile and type (i) boundary conditions, (see'%clow ). The oscillatory

variations observed are due to the variations in the porosity distribution.

This can be explained by realizing that regions of relatively low porosity

are re'ions of hih spherical density and therefore regions where hi-h

heat transfer rates between the solid and the -,as exist. The dashed line

in figure 11. , is the numerical solution given by the program that ignores

axial conduction. It shows good agreement with the present solution.

( Figures 12. and 13. show the solution obtained at the bed exit for assumed

turbulent and laminar velocity profiles respectively. Type (i) boundary

conditions are used here also. Again the oscillatory variations are due

to the local variation in porosity; but, in addition, due to the fact that

the velocity is greater than the mean, up to a certain distance from the

center, and is less than the mean nearer the wall, the cooling affects of

the fluid are more efficient nearer the center than nearer the wall. There-

fore the relati',e maxima in the temperature profiles are due to both the

relative minima of porosity that occurr near the wall and to the inefficient

cooling in this region. It should be mentioned that E was assumed zero in

these cases involving figures 11., 12., 13..

Assuming a turbulent velocity profile, figure 14. presents the re-

(sulting gas temperature distributions for a variety of boundary conditions.

The boundary conditions used are defined as follows:

type ( <i): Ts(Or) - To, Ts - Tg(xRT) = Ta

type (ii): Ts (Or) 0 0, Ts " Tg(x,RT) - Ta

type (iii): Ts(0,r) - 0, Ts.T(xiRT) -O 0

other boundary conditions remain as previously described

and are the same for each of these cases.

It can be seen that by changing from a type (i) to a type (ii) boundary

condition, the temperature profile of the gas increases yet keeps the

general shape of the isothermal case and that the position of the hot

spot has kept the same position. with the introduction of the type (iii)
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boundary condition, the opportunity for heat to be passed through the wall

is lost. Therefore, as expected, the temperature profile is raised even

further. In addition, the hot spot is moved significantly closer to the

wall.

It should be mentioned in passing, that as with the results in figures

ll.,12., and 13. the dashed line in figure 14., is calculated using a Nusselt

number based on the mean Re; whereas the other curves in figure 14. are

calculated using a Nusselt number based on the local Re. The shift to a

local Nu slightly raises the temperature profile due to the fact that the

local Re (and therefore the local Nu), is greater than the mean Re,

(mean Nu), for most of the radial dimension. This allows a larger heat

transfer between the solid and the gas which raises the resulting temper-

( ature profile.

Earlier, the results of the numerical technique developed in this paper

compared to a previously established numerical technique, (ignoring axial

conduction), which in turn was seen to be identical to an associated ana-

lytical solution. The results of the numerical proceedures were seen to

approach one another as the Re increased. This iiplied that the numerical

proceedure including axial conduction was implimented properly. To attempt

to justify the numerical results, one must compare them with experimental

ones. Such experimental work was done at the Von Karman Institute and

is discussed in reference (5). Using their given data, numerical cal-

culations were made. The experimental and numerical results appear in

figure 15.. As the temperatures are scaled with respect to the hot spot

( temperature, only the predicition of the position of the hot spot can be

made and not its magnitude. Considering that the experimental data was

in the form of a temperature map of the bed exit and that one necessairly

must choose the radial profile to compare his numerical results with,

(the radial profile through the hot spot of the bed exit was taken)

and that one cannot expect the porosity of the experimental packed bed

to be the same as that used in the numerical program, that the numerical

results rather successfully predicted the radial position of the hot spot

as well as the profiles' general shape, cap be inferred. An additional

point should be mentioned concerning figure 15. . As the bed height is

increased, the level of temperature at the exit is raised and therefore

the-greater the heat loss through the wall. This accounts for the inward

movement of the hot spot.'
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It is seen, then, that the variation in porosity introduces hot spot

regions that exist close to the wall of the packed bed and that assumed

parabolic or turbulent velocity profiles amplify the magnitude of these

hot spots. In addition, the affect of employing adiabatic wall conditions

tends to increase even more the temperature of these regions.

As a final point, the results presented in fighures 14. and 15.,

unlike figures 11., 12., 13., were calculated using a value of 20 for the

modified Peclet number, Pe. This value, dependent upon the Re and the

ratio Dp/RT, is obtained from the ext:erimental data given in reference (1).

Because, (i) the value of Pc' determines the iddy diffusivity, E, which

in turn contributes to the effective thermal conductivity kg*, and (ii)

the greater the value of kg*, the greater the dissipative capacity of the

( gas is to damp out rapid temperature variations, it is important to be

able to represent Pe' satisfactorily if one wants to predict the magnitude

of hot spots. As an example, the calculated curve of figure 15., for

HT/Dp = 10, is repeated in figure 16. and compared to a solution calculated

from the same data save that the Pe' is very large, (therefore implying

E = 0).

As the assumed axial velocity profile, or for that matter the "true"

local mean axial velocity profile, would not be expected to show great

variations in the radial direction,which would cause relatively large

eddy diffusivities to arrise, the use of a constant E seems reasonable.

However if one assumes a blockage exists, large perturbations in the flow

field would result; thereby causing large gradients and therefore larger

C eddy diffusivities. In addition, as there would be little mass flow in the

vicinity of the blockage, the conductive terms would become the main heat

transfer process, whatever the bulk Re. Therefore only the application of

the numerical proceedure including axial conduction, as presented here,

would be justified.

4 _ __ _____
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5. Study of t'-e Forniaticn of m.ot sots

Due to thc Trcsence of -locha'c's

7n thie oncration of a pachcd hed heat exch anger, a bloc.:a,e conczcvaAly

mi7'it res.ilt from the retention of dust/foreign rwtter being convccted by

the gas. In the region of the blockage, both the inefficient cooling by

the gas and the heating of the dust surrounding the actve spheres, would

lead to the formation of a hot spot. The blockage, itself, is introduced

into the program as a relion of the relatively low porosity of 0.1 . Out-

side the blocked region the porosity is 0.4 . To avoid large -radients,

a linear variation in the porosity between the blockage and the rest of the

bed is used. See figure 16. for a clarifying illustration. The local vel-

ocity vector, (axial and radial components), is calculated by a program

( that solves the non-dimensional form of the Ergun equation. Refer to ref-

erence (6) for the equation and examples if its applications. The velocity

field, for the case of the blockage, is shown in figure 17. . As expected

the flow tends to be diverted around the blockage, thereby leaving the

blocked region with little mass flow through it.

Unlike the previous cases where E was assumed constant over the entire

field, we would expect relatively large velocity gradients in the case of

the blockage and therefore regions of higher eddy diffusivities. A velocity

gradient model relating E to the velocity field is used and is explained

in appendix D.

Using the velocity gradient model for eddy diffusivity, the above

definition for porosity, the Nusselt number expression in appendix Cl and

the calculated velocity field, temperature distributions were obtained

for a variety of cases.

Figure 1. shows axial and radial gaseous temperature curves for

constant as well as variable E, using an isothermal wall condition. It

must be mentioned that in calculating the variable eddy diffusivity dis-

tribution from the velocity field, an arbitrary constant multiplying the

vector- components of E, Ex and Er, was adjusted so that the vectoral sum

of the average Ex and the average Er over the entire bed mesh, was such

that the effective Pe' calculated from this mean value, matched the Pe'

given in reference ( -,). As figure 18. shows, the presence of a blockage

causes a signigicant temperature peak in the radial profile and effects

an acceleration in the, what would otherwise be a linear temperature profile.

Ij
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The variable E solution gave lar-er estimates of peak temperatures than

the constant E solution. This can be explained by noting in figure 19. that

in the region of the peak of the radial temperature curve, the E estimated

by the variable model is much lower than the mean bed value. Hence less

turbulence and less efficient cooling is the result and therefore the var-

iable E model will give greater temperatures. Identical arguments can ex-

plain the discrepency between the axial temperature profiles of figure IS.

when one notes that as with the upper curve in figure 19., the lower one

shows that the variable E is much less than the mean value in the region

of interest.

As mentioned in chapter , the expression ks* = (i -a).ks, does not

take into account that ks* really depends on the number of contact points

( between spheres rather than exclusively on the porosity. One would expect,

then, that ks* would in reality be somewhat less than that given by the

above expression. Figure 20. shows the radial temperature at the bed exit

for the same blockage case as treated before, (given as dots (.)), and

compares this result with those profiles calculated by assumming subse-

quently lower values of ks. Because of increasing resistence to conductive

heat flow, the model predicts subsequently larger peak temperature values

as ks decreases.

The affect of employin7 a type (iii), adiabatic, wall condition as

opposed to an isothermal one, has virtually no affect on the character-

istics of the mid-bed radial profile, as exemplified by the upper curve

in figure 21. . Not only is this ineffectuality in changing pbak temper-

(ature values true at the mid-bed position, but it is true for the entire bed.

The lower curve in figure 21. shows that as the blockage is moved

cLoser to the bed exit, the temperature peak at the bed rises accordingly.

This brings up the immediate concern that temperature peaks may develope

inside a packed bed with a blockage that may exceed the temperatures

realized at the bed exit; and as it is difficult to determine temperatures

inside an operating packed bed heat exchanger, these temperatures may go

undected. The results from which the lower curve in figure 21. was derived,

Justify this concern; for as the blockage is in either the lower, middle,

or upper position, the maximum gaseous temperature in the-blocked region

attains 89.5%, (at x - 0.47 fITY, 95.5",(at x = 0.63 11T) and 99.9%, (at

x - C.'O HT), of the maximum value of the exit te~mperature respectively.

IW:



It is therefore seen, then, that the introduction of blockages into

packed beds, result in large peaks in the temperature field distribution.

By using a velocity gradient model for the eddy diffusivity, E, the temper-

ature peaks have been higher than might have otherwise been expected had a

constant E been used. These hot spots may attain higher values, still,

if one assumes that the effective thermal conductivity of the solid is lower

than that given by the assumed expression. The magnitude of these peaks,

in addition, are functions of the position of the blocked region; and it

was seen that the possibility definitely exists that the magnitude of hot

spots may be greatest inside the bed, itself, and therefore difficult

to detect.

6. Summary and Conclusions

(Envisioning the use of an active packed bed in a nuclear reactor,

the concern of hot spot development due to porosity variation or due to

the presence of blockages, is raised. It would be useful, therefore, to

be able to calculate the resulting temperature field assu-,ing that these

porosity variations or blockages occurr. To that end, a two phase axis-

symmetric mathematical model for heat transfer in an active packed bed

was proposed. As axial conduction is considered, the resulting equations

are elliptic and if calculations are to be done efficiently, these equations

must be solved by an iteration proceedure. A method of over-rela::a-_:.-, 'v:

lines uas employed and whose arbitrary coefficient of relaxation was chosen

so as to approximately minimize the number of iterations needed for con-

vergence. A numerical proceedure, which ignores axial conduction, which

was shown essentially identical with an associated analytical solution,

gave results which approached the numerical values of the present program

as the Reynolds number increased. As the relative difference between

the two solutions was on the order of 3-4% for low Re and decreased to

approximately 1% for moderate Re, the results of the numerical solution

were verified.

Concerning the case whcre variable porosity is assumed, it was seen

that temperature peaks developed close to the bed wall. The position and

magnitude of these hot spots was seen to be a strong function of the assumed

velocity profile, the bed height, as well as the boundary conditions at the

wall. The present solution was also seen to be in close agreement with

the results of the previous program which ignoreaaxial conduction. It is

ov



in this respect that the following is proposed. For as most industrial

uses insure Re of sufficient magnitude to assure that the inclusion of

axial conduction would give temperatures of 90-957 of the ones given by the

program excluding axial conduction and as the elliptic equations involve

more complicated, time-consumming methods, it would perhaps be more efficient

to base a design method on a mathematical model ignoring axial conduction,

keeping in mind that the results are to some degree an upper limit to the

"actaul temperatures". This concept of the questionable usefulness of the

inclusion of the axial conduction, however, cannot be applied to the case

where blockages are present.

As demonstrated, even for relatively large bulk Re, the mass flow in-

side the blockage itself was small and therefore, in the blocked region,

( heat transfer by conduction will play the major role. The blockage intro-

duced a substantial peak in the radial temperature profile through the

blockage itself. The overall maximum temperature, however, was still at

the bed exit; even though it was approached by the maximum blockage temp-

erature as the blockage moved downstream. It bears looking into the pos-

sibility that the maximum blockage temperature may exceed the maximum exit

temperature by effecting changes in the position and size of a blockage.

As a final point, it was mentioned that the actual ks* may be lower

than assumed. It was demonstrated that by lowering ks* the peak of the

radial exit temperature profile was raised. It would therefore be useful

to investigate the true nature of ks* so as one could place more certainty

on whether a proposed design for the operation of an active packed bed is

acceptable if one assumes the presence of a blockage.
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DEFINE FILE 8=1I8=M!L0
.i . ,BL IA (41 F, 1! 41 ),C 1(41 1, ' 1 41) E 1(41)

C M O',8L KE Z (4 )B2( 41 ).C2 41 ) D2( 41) E2( 41)
~cNA"O4iFzi:( 4.-l,43>, S "LIP F

! MEN 10 1'4 'A 31.I 1 ), 23I , 3 1 ),SO 1(. "' ) OLI2- 31 ),EP(31 ), EPP!
1 P N ( 31) Li

C

FEAD 1 0 5,100" F.T HT,REPP,P NU,TK ',TKR
FOPMiAT( 7F IL. 0O
R E AD ( 1 05 2 0 )MI' .X, MM X, J fA ,EPSW ,D T , P P R

2!0 FOR'lAT , 15"1F1O 0O,F7 5)
PE.' " 105,150) PE.T ,V IS,,"M ..R;G PN S ,RN OA LPHABETA

5 FOR.A T :3(E 0.4) i3,3(E1O.4 2 -.,F4. I)
r

JR1TE , i8, 0 } RT, HT. RE R,P NU, TKG, TKRPOP,PE.V 1
Y R1TE (iO8,6.00) MMX.IIXj? ,PS @~D ,A T ,P M

0. FO9RMiiT (I , I ( E1 2.4),/
YRITE ( 198, >1 R NSW, NSW,RH1:0, ALPHABETA

Ol FOR MA T (IX, 5(210. 4 ,i
c

INITIALIZATION OF TEMPERATURES
DO 5 n'-, IAX
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C48 CONTI IUE
CALL ELINI V
Do 950 1 2,MSUP
DO 95ri ,.I2,NStJP

150 CONTIAUE
CALL ?VNIV
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* 1 5-2 : 852? 1 85 1 8594 1 8622 1 3653 2 8711 1 9773 79 2 88(7

1 3,7 1 2 496 " 8132 1 7 166 1 696 2 1 2 5 1 37-5?
I 54 442- 2 ,432 14t' 2 5441 1 5508 2 5082 I 5587 I 5604 1 571 2 ,8 1

15 ( 1 0735 1 52 5 1 (IiS 1 S71 1 5570 1 5486 1.5300 1 4375 1 3333
* 3 1 32 1 381 F 8330 1 418 1 8453 1 8430 1.5511 I 570 2 8602 1 8(57 8618

* 1 3715 .: , I 3246 1 5?5 12.8391 1 8034 1 7497 1 6906 1.6215 1 3333
1 52 1 1 f2 2 51 -27 1 22 1 5234 1 5301 2 5373 1 5378 1 5394 1 5521 1 5651

1 56:8 i 0591 2 55 1 9 21 1 97 1 5416 2 5364 1 5216 1 43321 1.333.
* ..20 82 2 3:20 I 1 -247 1 8282. 2 33 9 1 3340 1 8398 2 346I I 848E 1 85'0

* 2 9501 2 0573 2 495 1 ,,3 , 1 8262 2 7936 1 7412 2 .938 2 62I5 2 3333
1 5 0 4 5 004 1 5019 1 ,015 1 .5,025 2 5091 . 5162 1 5166 1 .51R1 2 5307 1 5438

1 5435 2 5381 2 5563 1 577 9 1 551 1 5257 2 .5233 2 51 28 2 4235 1 3-33
* 2 30z3 1 3 023 2 3032 1 .0 59 2 3094 2 812z0 1.151 1 8210 2 9273 1 .8299 1 8314
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1 5746 1.5746 1.5751 1.5773 1.5300 1 5817 1,5838 1.5889 1.5946 1.5971 1 5993
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1 2724 1.2693 1.2998 1,3138 1.3005 1 2936 1,3298 1,3729 1.3534 1.3333* 1.5535 1.5535 1.5541 1.5562 1.5588 I 5603 1.5623 1.5672 1.5728 1.5751 1 5772

* I 5850 1 5933 I 5931 1 5906 1.5982 1 6013 1.5813 1.5536 1.5204 1.3333
1 2280 I 2280 1.2291 1.Z278 112274 1 2321 1.2371 1.2352 1.2341 1.2441 I 2549

1 2495 1.2460 1.2661 1.2899 1,2765 1 2703 1.3089 1.3568 1.3444 1.3333* I 5325 1.5325 1.5330 1.5350 1.5375 1.5389 1.5407 1.5455 1,5508 1.5530 I 5549
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I c7 15710 I 5711 I 5691 1 577 1 5I 28 I 5655 1 5404 1 5106 I 3333
I 2071 1 2381 1 2068 2067 I 2108 I 215 .-1 2135 1 2122 I 2217 1 2322

2 . 7 1 2423 I :657 1 252; 1 24i3 1 2869 .3395 1 3345 1 3333
71 51:1 5113 5118 1 5133 5162 1 5174 I 5190 I 5236 1 5238 1 5307 1 5325

I T4C.2 ' 5485 1 5487 1 .471 55t I 5.,5 6 1 5491 I 5265 I 5002 1 37-33
I 19 2 ; 1962 I 1372 1 1959 1 1852 I 1895 1 1941 1 1 19 1 1903 I 1594 1 20q'

1 2C7 1 9 3 1 2193 1 2412 1 2275 1 2216 1 2638 1 3209 1 3237 1 3333
S 4 ,-1 1 4901 1 4305 1.4924 1 4947 1 4958 I 4973 1 5017 1 5066 1 5083 1 509

5175 5257 1 5260 I 5246 I 5349 1 5438 1 5318 1 5117 1.4891 1 3333
1 16,3 1653 1.1663 1 1649 1 1642 I 1683 1 1727 1 1703 I 1685 1 1771 1 1868

I 18(7 17b0 1 1942 1 2164 1 2024 1 1965 1 2394 1 3006 1 3116 I 333
* I 4$. 4 1 4690 I 4705 1 4730 1 4739 I 4753 1 4795 1 4842 I 4856 48 'C

* I 4944 I 502! I 5027 1 501E 1 5126 1 5231 1 5135 I 4959 I 4772 1 3...
1 1445 1 1445 I 1455 1 1441 1 1433 I 1471 I 1512 1 1487 I 1467 1 1548 I 4 ,

1 157S 1 1529 1 1700 1913 11771 1 1708 1 2138 1 2783 1 2979 1 3333
1 44 8 1 446? 2 4472 I 44Q9 1 4510 1 4517 1 4528 1 4569 1 4613 1 4625 1 4636

1 47,3 : 4797 1 479q 1.4779 1 4894 1 5013 1 4939 1 4787 I 4643 1 3733
1 1217 1 1237 1.1247 I 1233 1225 1 1259 I 1298 1.1273 I 1251 1 1326 I 1412

1 1350 1 1293 1 1457 1 16.0 1 1517 1 1450 1 1869 1 2537 I 2921 1 3 33
1 4247 : 4243 1 4246 1 4267 1 4282 1 423S 1 4297 1 4335 1.4377 1 4385 1 43',4

1 1 4453 1 4543 I 4539 1 4529 1.4;50 1 4781 I 4727 I 4599 1 4499 1 3333
1 1030 I 1039 1 1040 1 1027 1.1019 1 1049 1 1084 1.1060 1 1038 1.1105 I 113

I 1124 1 1071 1.1215 1 1403 1126 1 1191 1 1587 1 2262 1 2639 1 3
* 1 40,,4 1 4004 1.4307 1 4023 1.4040 1 4044 1.4052 I 4087 1 4126 1 4131 I 4137

* 1 42 3 1 4277 1.4272 1.4262 1.4381 1 4527 1 4491 1 4387 1.4337 1 3333
1 08 6 ! 0826 I 0335 1 (0824 1 0814 1 0841 1 .0872 1 0950 1.0827 1 0886 I 0956

I 0900 1 0849 1 0975 I 1145 1 1011 1 0935 1.1294 1.1953 1.2419 1.3333
* 1 3740 I 374' 1 3742 I 3757 1.77- 1 3775 1 3780 1.3913 1 3849 1 3851 1 3853

* 1 3916 I 3985 I 3977 1 3965 1.4090 1 4239 I 4219 1.4140 1.4144 1 3333
1 0626 1 (62i 1.0634 1 (624 1.0615 1 0638 1.0664 1.0644 1.0623 1.0671 1 0731

I 0691 1.0634 1.0738 1.0895 1.0765 1 0689 1.0994 1.1605 1.2151 1.3333
* 1 3426 1 342; I 3428 1.3442 1.3456 I 3457 1 3460 1.3490 1.3522 1 3;20 1 3519

* 1 3577 1 , 3640 1 3629 1.3615 + 3739 1 .3890 1 3886 1.3934 1 3903 1 .3333
1 0433 1 0433 1 0440 1.0432 1.0425 1 0441 1.0462 1.0446 1.0428 1.0464 I 0511

1 0472 1.0432 1.0511 1.627 1.0523 1 0460 1.0694 1.1214 1.1816 1.3333
* 1 3021 I 31021 1 3023 1.3035 1.3047 1 3046 1.3047 1.3073 1.3100 1.3096 I 3092

* 1 3142 1 3197 1.3193 1.3168 1.3284 1 3431 1 .3444 1.3425 1.3570 1.3333
1 0255 1 0255 1 0260 I 0254 1.0249 1 0260 1.0273 1.0262 1.0250 1.0273 I 0305

1 0277 1,0249 1.0300 1.0379 1.0310 1.0259 1.0409 1.0787 1.1393 1.3333
* 1 2442 1.2442 1.2443 1.2453 1.2462 1 2460 1.2460 1.2480 1.2501 1 2494 I 2489

* I 2529 1 2572 1.2556 1.2541 1.2639 I 2768 1.2797 1.2817 1.3054 1.3333
1 0103 1.0103 1.0105 1,0103 1.0100 1.0105 1.0111 1.0106 1.0100 1.0110 1 0125

1 0112 1 0099 1.0121 1.0158 1.0125 1.0099 1.0164 1.0353 1.0803 1.3333
* 1 1534 1.1534 1.1534 1.1539 1.1545 1.1543 1.1542 1.1554 1.1566 1,1561 I 1556

* 1 1580 1.1605 1.1593 1.1581 1.1643 1 1727 1.1759 1.1810 1.2113 1.3333
1 0000 1 0000 1.0000 1.0000 1.0000 1 0000 1.0000 1.0000 1.0000 1.0000 1 0000
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0005030 RT= 0.0500000 HT 0.1001000

.211E 1 VIS O . 1?40E-04 RET= 4300.00 PRz 0 72

GK= 0.02500 SK= 0.75000 Q= 39999? 98

TEX= 20.0 TO=15 00

M= 31 N= 31 NF= 100 NG= 20

OVER RELAXAT104 FACTOR= 1.40 TEST- 0 Ol

N*lIG = *** *** ow = 0.00
4_.1JS z ******* oUs z 0.00

BLOKACE I*

PMlNAO = 0.100 PnAXAO z 0 400

IIIAO a II 122A0 = 21 JIIAO - II J4AO - 21

BLOKAGE 2*

PMINAI 0 100 PnAXAI = 0.400

I11I 1 = 50 122AI = 50 JIIAI = 50 J4AI = 50

N= I DT .736E-02 DER = .665E-01 POUR 1 =20 ET J =2?
N= 2 DT = .362E-02 DER z 162E-01 POUR I =18 ET J =27
N= 3 DT = 213E-02 DER z 729E-02 POUR I =1 6 ET J =29
N= 4 DT = 161E-02 DER m 819E-02 POUR 1 =19 El J =19
N- 5 DT = 144E-02 DER = 921E-02 POUR =1 8 ET J =20
= DT = 127E-02 DER = 787E-02 POUR 1 =17 ET J =20

H= 7 DT = 113E-02 DER = 741E-02 POUR 1 =16 ET J =20
N= 9 DT 102E-02 DER .695E-02 POUR 1 =16 ET J =20
N. 9 DT = .930E-03 DER = .651E-02 POUR 1 -15 ET J =20
N- 10 DT = .8fOE-03 DER = .611E-02 POUR 1 =15 ET J =20
N= II DT = 804E-03 DER = 579E-02 POUR I= 14 ET J =20
N= 12 DT = D75E-03 OER = 554E-02 POUR 1 =13 ET J =20
N= 13 = .715E-03 DER. = .532E-02 POUR =13 ET J =20
N- 14 DT - 6FBE-03 DER = .510E-02 POUR I= 13 ET J =20
N= 15 DT = .644E-03 DER = .486E-02 POUR 1 =13 ET J =20
N= t6 DT = 612E-03 DER = 462E-02 POUR 1 =13 ET J =20
N= 17 DT = 592E-03 DER = .437E-02 POUR I =13 ET J =20
N= 1 DT = .553E-03 DER = 422E-02 POUR 1 =12 ET J =20
N= 19 DT = 526E-03 DER = 409E-02 POUR 1 =12 ET J =20
N- 20 DT .501 E-03 DER = 397E-02 POUR 1 =12 ET J =?0
N= 21 DT - 479E-03 DER = .386E-02 POUR 1 =12 ET J =20
N= 22 DT = 460E-03 DER = 376E-02 POUR I =12 ET J =20
N= 23 DT = .307E-03 DER = .219E-02 POUR I =11 ET J =21
N= 24 DT = 211E-03 DER = .142E-02 POUR I= I ET J =22
N= 25 DT = .210E-03 DER = .174E-02 POUR 1 =19 ET J =20
N- 26 DT = . 197E-03 DER = .91CE-03 POUR 1 =18 ET J =20
N= 27 DT = .160E-03 DER = .741E-03 POUR 1 =12 ET J =20
N= 23 DT = .161E-03 DER = .781E-03 POUR 1 =16 ET J =19
N= 23 DT = .154E-03 DER = 697E-03 POUR 1 =15 ET J =19

N- 30 DT = 142E-03 DER = .637E-03 POUR 1 =14 ET J =19

HN 31 DT = 136E-03 DER = .636E-03 POUR I =13 ET J =19
N= 32 DT = .132E-03 DER = .592E-03 POUR I =15 ET J =19
N= 33 DT = .126E-03 DER = .547E-03 POUR 1 =14 ET J =19
H- 34 DT = .121E-03 DER = .564E-03 POUR 1 =13 ET J =19
Nm 35 DT = .I7E-03 DER = .507E-03 POUR I =12 ET J =19
N- 36 DT = .113E-03 DER = .468E-03 POUR 1 =14 ET J =19
N= 37 DT = .109E-03 DER = .478E-03 POUR 1 =13 ET J =19
N- 39 DT = .106E-03 DER = .451E-03 POUR 1 =13 ET J =19
N= 39 DT = .102E-03 DER = .420E-03 POUR 1 =13 ET J =16
N - 40 DT = 983E-04 DER = 415E-03 POUR 1 =23 ET J =19
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VITE$$E AXIALE

1 453042 1 4524543 I 4576970 1 4477825 1 4437258 1 4385521 1.4322889 1 4243676 I 4166164 I 4072627
1 39693'4 1 3S56447 1.3734072 1 3602191 I 3460654 I 3309163 1 3147211 I 2974054 1 278 594 1 25P,341
I 2374258 1 2140512 I 1884165 I 1599541 1 1278266 I 0907173 I 0464109 0 3616390 0 81.7643 5741?.
0 0030109 1 2708390 I 2708390 1 26)3510 I 269766 I 2636840 1 2594956 1 2544310 I 2475200 I 2417809 1 23426q

I 225'972 I 2170389 1.2073404 1 1970443 I 1861688 1.1747807 1 1629802 I 1508999 1387509 I 1268586
1 1157531 I 10,2765 1.0997820 1 0984880 I 1060476 I 1285460 1 1731045 I 0726243 0 9033707 0 8336006
0 0030030 I 223070' 1.2230700 1,2218362 1 2199414 I 2173337 1.2140231 I 2100351 I 2054002 I 2701562
I 1943424 1 108096$ 1 1912079 1.173957 I 1664426 1 1536237 1 1506176 I 1425352 1 13449 3 I 126643 1 191368

I 1121555 1 1058742 I.1003476 1.0954249 I 0904026 I 0833615 0697509 1 0427028 I 0129136 0 948 04
00'00 (i1742103 II142108 1024228 1 1813506.1 1738384 I 1773002 ' 1741817. 1756007 I 166535
1622035. 1 175127 1152557 1 .1 14741504 1 1 421 4IL I 13 I233.1115125 1 1 6 1 I 1 71 I1l4214 0 1 0 1.1 47 0610 111 t,

1 1114233 I 106'843 71.1024010 I 0979480 1.032684 .1 0880309 * 1 0318356 I 0743856 .1 06507? I 05305 I 0531 1

003000)I112703 I 1027856 11522311 1102 I 1494339 I 1472976 1447435 I 1418569 130853
1 1353C I 13 17 , 1282194 I 1I 214, 1119113 1148101 1111147

1229 11 14 t'; 11 ,2 6 1 .,03 1 o 3 5 0,7, o
I 10418!4 1 1023416 I 1010969 I 0332431 1.0373012 1.0951746 I 0328243 .0303102 I 0070277 I 08071:7
I 0843146 0 030009 1.1290234 I 1290234 1 1279231 1.1266077 1 1248636 1.1226328 1 1201632 1.117382 I 1143780

I 1113322 1 1083394 11055098 I 1029577 I 1007329 1.0330870 I 0379033 I 0372730 I 0971963 I 0376390
0 093573 I 0'97365 .01012042 I1026937 I1041021 I 1053216 I1062960 I 1069727 I11074054 I 107450

13F77613 0 0,3003 0 1110244 1 113244 1 1100035 1I 100052' 1,1653814 I034335 I 000. 320
I 0922837 'I 0383963. I 0847491 1 081538 .1.0790471. 1.0773814 1.0767030 .1 07713;0 I 0707308 1 081463 . 0853225.

I09,07i6 I 0'55010 'I.1012840I 1070307 1.1126119 .11176017- 11213245 1.1254501 41 1302502
13117 0 0 oOOo0q) I 1 03143 I01473 1 1073 1 .102672 I 015139 0916126 1 007032 I 0732601
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-A?-

DEFIE FILE =U: 1(P:5084,G:.!:F. ,FI,RW)
DEFINE FILE 5=I15=tI1
DEFI NE FILE 8t 1U1=M LO
CO M1Ni ON / D : R I/ P , RT , HT
COM1i0'IFLUITE/DENS, VI SPE, PR

0 M N 0 ,HIS PGP, T,A TO
M 40 ,"I0 k W L' R!4 '.0 , ',1 G, R HSU, WS

C 1 M 0 / NT 0 T M/ A, X MIA X
C( M1ON/T-.iLVi F, NC WS, TESTr 0NIfl9N/ D..TP ORP;! I INIA0, PNIIAX 0o P I A C P~I XA1
CO ?4lO",/ INDOR/l I 1D, 122A0 J 1 C, J.; , Ii I .,I 2?C ii' 1J 1 I . J4, !
COM OO*,INDI ,J

Cot m , 0 "1 US/P, P PORX PO R P
C O M N/.' ISP/D, 1) DR2, DX2 D F F ,D XX, EXDR
COMMO4,;BLKK/A1(4l ),B1( 41 ),CI -41 ) , L- i 4! 3,I(41
COM N /i LKE!A2(4 I ), 82( 41 ), C2( 41 ) *02% 41 ), E 2(41

C
CALL LECRIB

C
PEAD) (.',0:3) J 9tiAX,EP$,Z1,PNSC,,ALPMA,6ETA

6.00 FO~iRT < I 5(F1O.4))
")R!TE (S,79O) J99}l}PXEPSZ1 ,R,.SO,'4LPHPBETA

700 F 0 'U/RT (5X , 8HJ~ 9N X= , 13, 2Xo * MEPS= ,FE 4, 2X * 4ZI1
I E1O.4,2XSHP!.S.'] ,E1O.4,2X,THPLP. ,F4 .22X HBEIAT= ,F4 2:/. '
READ (10'!) P

C
C !NITIALIZ4,TICIN OF TEi',PEPqTURE$
C

D0 5 l=,M'iAX
00 5 J=1,NI 1AX

W 2 ( I J )=A L HA

5COhiT I'UE
TKRP=T.* .TKg

NI=N1'iX-1
OR=1 ./FL0qfT(M41 )

G=FLO'.T(Y1!.-1 )'.FLOAT(N!-] )
C
C PETE fI;,IATIO'I OF C:OEFFICIENTS Iit 0ISC' ETIZED EQUATIONS
C

7 J9'9=J99+1
I =0.

0T2=0.
DEP I =0.
DEP2=O.
EXR=O.
EPA=O.

00 10 I=2,M1

IP!= 1+2

I I'12= 1-2
00 20 J=2,NI
J : J+!

J P2 =I 2
JM~2=J-2

; C

-



C F INDE E( R

' ALL !FQUEL
C

U ( (I, JP1 )-P'( I 1 1 / 2. *'DPAP )
Y-P( I P I -P P1 R )~T. 2 -

YR=SQR 1( SUSV S
XRE 6RE * D-?*VP,' PT

c
C T HE DcEEP MIP1TION OF THE EDDY? EIFFUSIV ITY E~ AND I TS DEPIYAT IVESl
c M3~ I IX I N LENTH MODEL

V S L 0
Ul S L =US
U S p=O
I F (I .E. QM1) GO TO 50

5 C I F (I EL 2) GO TO 52

52 1F J E 0 2) GOC T'05
U SL ( P( I J )-P( I , 0 ' ) ).'( Z, *DR*F

54 I F J E .El NI) GO CO i t
U S~ P ( OtJ 2 -P'I 4 )UEl .

D C U S R U P 2* U L / D O
22=1 = - V -Vc ' ( 1

I F (DY SX ,LT. 0. Z2-1
I F (0JSR LT. 0.) Z'3-1.

EX=Z 1fPDPP*R S A S DV~ R/ TJ *HT )

E X X Z I * Z2 DP * DP P E~V I S 1) DV SX,

E P P,= E R A P'

C F14D NUPE E"P))

012- o-3. *52 *27

P NU= I .. * RE~P/PRO F) F p~* . ,667)**o 7333

C CR-C'JLATE COEFFICIENTS IN EQUATIONS

AA I RT*( rR+P*E.%,Y IS )/.RE*PR**HT*HT)
.A2=RT -( I. -POP )*TKP/( RE*PP*HT*HT)
CCI=PT*(P0R4-PR*EP./VlS)/(P.E*PP*PT*PT)
CC2=RT*C2.-POR)*TYKP/,'E*PP*PT*PT)
H=6*( I .- POR * PN *RT/lRE*PR*DP*DP)
J=RT*QP*( I . -PiNAXAO) RE*PR*TY:G*TO)
'41 =-CClI /P-RT *( PQPP+PP*ERP./V IS )/,' RE*-PR*RT*PT )-YS./P-T
V2=-C. 2/Ri-PT *POPR*T MR.' ( E*PR*RT *FT )
UI=US/HT-RT*(?,0R'tPREXX../VIS)/'RE*PR'HT*HT)
U2=RTI-TKR*POPX,/('PE*PR*HT*HT)

C
C COEFFICIENTS USED IN UPWIND DIFFERENCING
C

IF (Ill .LT. 0.) GO TO 60

88=1.

GO TO 63

635 IF (YI .LT. 0.) GO TO 6
A 9 =- I .

I C9=0.
GO TO 67

65 A9%O.it, I - ez- . -



67 CONTINUE
C

A I J )z-CC I El.R' '+ *+AV !DR
2 f P Ix ,'D.*DX+ C I!)R/DR )+H+U 1 4 8/D+V , B?.VI DR

C I J )R-C../"R DP+ V *C9DR

=0I J+ 1 11

C USE CENITP L !cFEREN( ING FOR THETA X AND THETA R
C

B8=0

A 9=0 5

A 2 J -' C /D5 2v

C9=0

A8=-O. 5

9( 2 ): 2 .( .P. 2iD XD;+CC2,/DR./DR )+H+U2*B8/DX+V2B?!DR
C2( J )-C 2,,DP. DvV21c /r R
C) ( " ) H
E2C2 ):="A2*( L 2. F1 ,J )+U2( IM ,I ),"DX/D;-U2 ',A.*.I2(I1 ! ,JJ ) C8 I . IFt!
I J ) D +

C

( 0 CONTINUE
C

ADJU3T C:OFFI CIENTS S SQTI SFY' E: DO A ;RY COLD TI NSI
L

S2(2)=82(2)+A2(2)
81 ( Nl ) t s1 I ( 4 1 )/( -OP*R T R N W)
El (NI) E! Ni )-Ci (M I )iD:R RT FRNG *TA/< TO*( I +D1.R FR7 .RNGW ) )
3,2( zI) 82( Ni )+C2( NI )/( I . PmF.T* PNS )
E2( N )zE2(N1 )-C2( Ni )+:DP*RT*R PSi*TA TO 1. +D ' R T 4RNSW) )

C

V EXECJT E SLUT I)!; TE':HNI DUE TO SOLVE COUPLED TRID.IAGONfqi SYSTEM
C

CALL TRISBU (.NMAX , SOLNI, SOLN.2"
C

C EXECU.TE RELAvATI ON TECHNI QUE I N ORrER TO UPDATE UNKNOWN VALUES
C

DO 30 J=2,N

N I Yll I , J " , S  0 L N 1 J Y-  I ,J
N 1 l 1 C J + 2 j S 0L N '2 J 2 "1

C
ERR I =APS , S4 ->S=:OLN( 1 )< )
ERR2 P .B'S , Sq2-,OLN2( J))
DTI=DT I +ER?1 i/G

C ( DT2=DT2+ERP2 
/'G

C F IND MAX INUM ERPOFI I N THE NET AND IT S POSIT ION
C

CALL CO?1V2" I ,J,ERRI,.ERR2oLI 1,L12,LJI,LJ2,DER1,DEF:2)

'Y.2( 1,J )=SN2

30 CONT INUE

'J ( I 1 ) '2 ,2)' 1( I ,NIX)( Wl( I,l )+DR*RT4G*T/TO)( I. DR T*RNGW)

12( I , N!A 612 1 NI +)+DR*R T *4RS*TA/TO ) ( I +DR4RT*RNSW )
10 CONT I NUE

DO 35 J=I,NMAX
W I ( NN X, M )=W I . ! , J)
'i2(.1MlX, )=12( III , )
J1 IJ )=I

'd2( I , J ) -" VX 4HT *PNSC+ 2(2,J )) I .(+r.X*HT*R9 SO)
35 CONTINUE

IF -'J?? .LE. 30") GO TO 38
GO TO 39

33 JIRITE( 09,300) J99l,L I,LJI,DERI,LI2,LJ2,DER2300 ORMA oIX 2HK = ,  4-3,3H X= ,  I ,H. P=, 2, ?H. ERRM'AXIr ,  E12. 6,
30 FOP AT(AX. 12)

I2X 2;i X=, 12,3H R , 12, H ER P 'AX 2 E.2.6,/)
'.4RITE" 4O0,4 0 ') DTIDT2

400 R AT Y. I X R2HERRiYG E12.6104 ERRAVG2 , E!2.6,/)
39 CON TINUE

IF (J9 .GT. J99 1AX) GO TO 40



IF ",I CT. EPS) CO TO 7
I F (T 2 .CT. E P $) C;9 TOC 7

I F 708 L. O CCO TO 45
Y r, I T E I C' 3 C :1J ?? LI L J~ I PE I L 2 L J 2 CE R 2

P I T E I C.S4 '1C) D T IDT 2
45n C 10NqT I N U E

E F= S .1 T ( E ER A * ERA)
YPITE ( l08,425) EF

425 F0RP1AT (1)(,13HEFFECTIYE E .E:0.4;/)

C THE SOLUJT1OH FnLLOW^S

WRITE (C l08,450)
450 F 0R %',qT ' / ,I X, 47 H TEM PE.-A T UR E DI STI1SUTI1ONS F OR THE GAS AND SCOhI L */)

D0O5 KlI,MMAX
L =MAX -K+I
WR~IT E (1084 500 ) ( WI CL ,J ) J =I iA X)-
'ARITE ( 108, 00) C W2(L, J ).J=l NMAX)

503 FORI1AT (2X,I1FS9.4,/)
Leoo- FOR'1flT (IX,IHt,IIFF.4,//)

55 C 0 NT IIN UE

YRITE ( 10'3) lii1
IJR IT E ( 10 ' 4) U 2

LESc

FRP C L SL , UL H( HOT B E v

)503

IPL4NTATI ON DES SE-j**lEf4T-.***

0 q,C

5 D: A
5 E?2
5 E5 6
SE- £0

5 E7 2
5 E?2
5E C2
SF34
S F3 8
5 F ,2

653C
6 5A
6644
66-48
i 65 4
66581 6 6'- E

66 E
67'4

6 8 S E



Dl= 0.n0 0030 RT= 0.0500000 HTz 0.1000000

DZN Sz 1211E+01 VISCO= I 1530E-04 RET= 4000.00 PR 0. 72

GTk 0=.02300 SK= 0.75000 Q= 391 38

TEX
=  

20.0 TO= 1.00

M= 31 N= 31 NF= 100 NG= 20

OVER RELAXAT1ON FACTOR= 1.08 TEST= 0.01

NJlWC = ****** 0.00
N4IJS ***** 'S 0 00

B! OKAGE Iv

PMINAO = 0.10.3 PIAXAO 0.400

Il IAO = II I ZAO = 21 J IIA3 = I I J4AO = 21

BLOKPGE 2*

PPIINAI = 0.103 PMAXA1 z 0.400

IIIAI = 50 122AI = 50 JIIAI = 50 J4AI = 50

J399 X= 200 EPS= 0 0301 ZI= 1427E+00 RHSO= .0000E 30 ALPHA' 1.00 BETA- 1.00

K= 1 X=30 R=26 ERRMAXI= .261211E-0I X=30 R=26 ERRMAX2= 248571E-01

ERRAvOI
=  

.137386E-01 ERRAVG2= .149187E-01

K= 2 X=2D R=15 ERRMAXl= . 124416E-01 X=30 R=14 ERRMAX2= 143375E-01

ERRAVI= .498161E-02 ERRAVG2= 608663E-02

K= 3 X=19 R=15 ERRMAXI= .926781E-02 X=30 R=14 ERRMAX2= .963020E-02

ERRAVGI= .311854E-02 ERRAVG2= .385653E-02

K= 4 X=18 R=16 ERRM;X1' .66127BE-02 X=I8 R=16 ERRMAX2= 66038IE-02

ERRAV l= .170721E-02 ERRAYG2= .214579E-02

K= 3 X=18 R=16 ERRMAXlz 450993E-02 X=18 R=16 EPRMAXA2 .450230E-0Z

ERRAVG1
=  

.101622E-02 ERRAVGZ- .124753E-02

= 6 X=18 R=16 ERRMAXI= .29935SE-02 X=18 R=15 ERRMAX2 .30D026E-02

ERRAVOI= +;11704E-03 ERRAVG2- .743903E-03

Y= 7 x=18 R=15 ERRMAXI
=  

.195599E-02 X=18 R=15 ERRMAX2' .19664SE-02

ERRAVY1
=  

376413E-33 ERRAVG2= .43393E-03

K= S X-18 R=I8 ERRMAXI= .12S934E-02 X=18 R=I5 ERRMAX2' .127602E-02

ERRAVGI= .234520E-03 ERRAYG2- .280629E-03

K= 9 X=18 R=15 ERRM;Xl= .919206E-03 X IB R=15 ERRMAX2- .823021E-03

ERRAVYI- .147451E-03 ERRAVG2- 175611E-03

K= 10 X=I8 R=15 ERRMAXI
=  

.52642BE-03 X=I8 R=15 ERRMAX2m 529289E-03

ERRAVI= .932289E-04 ERRAYG2- .110667E-03

K= It X=18 R=I5 ERRMAXI
=  

.337601E-03 X-18 R=I ERRMAX2' .339508E-03

ERRAYGI- .592476E-04 ERRAVG2- .701482E-04

EFFECTIVE Ex .4695E-03

TEMPERRTURE DISTRIBUTIONS FOR THE GAS AND SOLID



2 0104 2 0104 2.0119 2 0164 2.0255 2 0402 2 0610 .2.0884 21216 2 1584 2 1!49

2.22'2 2.2430 2.2432 2.2235 2.1870 2,1412 2.0933 2.0477 2.0059 1 9682 1 93 3

1 9023 1.8712 1 8375 1 7971 1 7447 1 6726 1 5680 1 3945 13333
* 2 11$4 2 1184 2.1213 2 1275 2 1380 2.1536 2 1747 2 .2012 2 2318 2 2644 2 232

* 2 3194 2 3322 2.3300 2 3117 2 2799 2.2394 2.1956 2. 1524 2.1115 2 0737 2.0385

* 2 0048 1.9703 1 9320 I .8855 1 .8251 1.7437 1.6333 1 4883 1.3333

2 0104 2 0104 2.0119 2 .0164 2 .0255 2.0402 2.0610 2. 0884 2.1216 2 1584 2 1949

2 2252 2 2430 2 2432 2 2235 2 1870 2.1412 2.0933 2.0477 2 0059 I 9682 1,9339

1 9023 1 9712 1 8375 1.7971 1 7447 1 6726 1.5680 1.3945 1.3333
* 2.1184 2 1184 2 1213 2 1275 2 1380 2.1536 2.1747 2 .2012 2.2318 2 2644 2 2'52

* 2 3194 2 3322 2 3300 2 .3117 2 2799 2.2394 2.1956 2 1524 2.1115 2 0737 2 0383

* 2 0048 1 9703 1 9320 1.8855 1.8251 1 7437 1.6333 1.4883 1.3333

1 9703 1 9703 1 9717 1.9764 1.9855 2.0004 2 0218 2.0503 2.0854 2 1252 2 1653

2 1993 2 2201 2 2216 2 2009 2.1617 2.1129 2 0631 2.0165 1 9744 1.9367 1 9029

1 9721 1 9424 1 9106 1 7728 1.7235 1.6555 1.5564 1 3916 1.3333
* 2 08'6 2 0856 2.0885 2 0948 2 1054 2.1213 2.1430 2.1705 2.2029 2.2377 2 2711

* 2 2978 2 '125 2 3111 2 2923 2 2589 2.2166 2.1714 2-1273 2.0861 2.0483 2 0135

* 1 9805 1 9472 1 9105 1.8661 1 .8085 1.7306 1.6245 1.4846 .3333

I 9278 I 9275 1 9293 1 9339 1 .9430 1.9579 1.9797 2 .0091 2 0462 2 0892 2 1336

2 1719 2 1963 2.1998 2.1782 2.1356 2.0835 2.0314 1.9838 1.9414 1.9038 1 8703

1 9404 I 8122 1.7824 1.7471 1 .7012 1.6375 1 5442 1.3885 1 .3333
* 204t0 2 0450 2.0479 2 0542 2.0650 2.0812 2.1035 2.1322 2.1665 2.2042 2 2410

* 2 2711 2 2885 2.2984 2.2691 2.2336 2.1889 2.1419 2.0966 2.0550 2.0172 1.9828

* 1 9507 1.9189 1 8841 1.8424 1 7881 1.7146 1.6138 1.4801 1.3333
1.8848 1.8848 1.8862 1.8907 1 8996 1.9144 1.9362 1.9663 2.0051 2 0514 2 1006

2 1439 2 1729 2.1791 2.1567 2 1102 2.0541 1.9997 1.9511 1.9084 1 8708 1.8376

1 805 1,7817 1.7539 1.7213 1.6787 1.6193 1.5317 1.3853 1.3333
* 2.0025 2.0025 2.0054 2.0117 2.0224 2.0387 2.0615 2.0912 2.1276 2.1683 2,2091

* 2.2432 2.2640 2.2657 2.2459 2.2081 2.1607 2.1115 2.0631 2.0229 1.9830 1.9509

* 1.9197 1.8894 1.8567 1.8177 1.7670 1.6979 1.6026 1.4752 1.3333

1.8417 1.8417 1.8430 1.8473 1.8559 1 8702 1.8917 1.9220 1.9622 2.0119 2,0665

2.1154 2.1499 2.1601 2 1374 2.0860 20253 1.9683 1.9188 1.8759 1.8382 18030

1.7767 1.7513 1.7256 1.6956 1.6565 1.6013 1.5193 1.3522 1.3333
1.9597 1.9597 1.9625 1.9686 1.9792 1.9953 2.0183 2.0489 2.0870 2.1310 2,1761

* 2.2149 2.2398 2.2440 2.2240 2.1836 2.1331 2.0816 2.0339 1.9911 1.9531 19192

4 1.8888 1.8590 1.8293 1.7930 1.7458 1.6812 1.5913 1.4704 1.3333

1.7987 1 7987 1.8000 1.8040 1.8121 1.8257 1.9465 1 8764 1.9175 1,9703 2 0310

2.0860 2.1270 2.1431 2,1209 2.0635 1.9974 1.9377 1.8973 1.8443 1.8064 t 7730

1.7453 1.7213 1.6977 1.6704 1.6347 1.5838 1.5072 1.3791 1.3333
1.9167 1.9167 1.9195 1.9254 1.9356 1.9514 1.9743 2.0053 2.0451 2 0923 2 1422
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* 2.1862 2 2161 2.2240 2 2043 2.1609 2.1066 2.0528 .2.0037 1 9603 t 9213 1 8880

* 1 9572 1 9306 1.8021 1.7696 1.7250 1 6647 1.5802 1.4656 1,3333
1.7562 1 7562 1.7573 1.7610 1 7685 1 7812 1.9010 1.8300 1.8710 1 9265 1 3)44

2 0550 2 1034 2 1283 2.1087 2 0435 1.9708 1.9082 1 8572 1.8143 1 7761 1 7411

1 1 7146 1 6919 1.6704 1.6460 1.613S 1 5672 1.4959 1 3763 I 3333
1 9740 1.9740 1.8765 1.8822 1.8920 .9073 1 9298 1 .9610 2 0020 2 0524 2 1076

* 2 1571 2 1929 2.2059 2 1877 2. 140) 2.0827 2.025 .9754 1.9312 1 8322 1 8579

* 1 92e3 1.9019 1.?754 1.7447 1.7047 1 6488 1.5696 1.4609 1,3333

1 7143 1.7143 1.7154 1.71?.7 1.7256 1.7374 1.7560 1 .7838 1.8240 1 8812 1 '577

2 0224 2.0781 2.1154 2.1026 2 0272 1.9466 1.8810 1.8297 1.7872 1.7486 1 7124

1 6849 1 6635 1.6440 1.6226 1.5941 1.5521 1.4859 1.3737 1.3333
* 1 9314 1.9314 1.8338 1,8392 1.8485 1.8633 1.9853 1.9165 1.3596 2 0120 2 0729

* 2 1279 2 1703 2.1903 2.1753 2.1251 2.0622 2.0023 . 9501 1.9049 1.8649 1 8293

* 1.79?5 1 7739 1.7493 1.7215 1.6852 1.6338 1.5597 1 4565 1.3333

1 6736 1 673A 1 6745 1.6776 1.6840 1.6951 1.7128 1.7395 1.77S9 1 8372 1 3251

1 98?5 2 0498 2.1028 2.1055 2.0166 1.9267 1.9580 2.8068 1.7658 1.7268 1 6856

1.656.9 1 6363 1.6198 1.6004 1.5759 1.5386 1.4776 1.3716 2.3333
* 1 78?2 1 7892 1.7915 1.7966 1 .8055 1.8149 1. 416 .8730 1.9164 1 9734 2 04,08

* 2.1002 2 1486 2.1775 2 1690 2.1157 2.0479 1.9844 2.9301 1.8836 1.8417 I 803I

* 1.7719 1.7468 1.7240 1.6992 1.6667 2 6199 1.5507 1.4525 1.3333

163 45 1 6345 1.6354 1.6332 1.6442 ,.6548 1.6720 1 .6986 1.7330 1.8006 1 9100

1 9645 2 0210 2.0360 2 1203 2.0161 1.9164 1.9443 1.7539 1.7564 1 7182 1.6628

.6308 1.I 04 1.5346 1.5793 1.5589 .,5265 1.4709 1 3698 1.3333
* 1.7480 2.7480 1.7501 1 7549 1.7634 1.7775 1.791 1 8312 1.8772 12.395 2.0160

* 2.0770 21287 2.1665 2 1695 2.1155 2.0432 1.?752 1.9180 2.869 2.8256 1 7803

1.7458 1.7204 1.6992 1.6774 1.6490 1.6068 1.5426 1.4488 1.3333

125976 2.5976 1.5994 1.6011 1 6067 1.61Z9 1.6340 1 .6618 1.7072 1.7838 1 . 249

2.96?5 2.0029 2.0662 21427 2.0433 1.9401 1.9603 1.8087 1.7800 1.7412 1.6419

1 6060 1.585f 1.5714 1.5597 1.5421 1.5148 1.4649 1.3683 1.3333
* 1.7087 1.7087 1.7107 1.7151 1.7232 1 7368 1.7585 .7921 1.8421 1.9128 2 3 996

* 2.0553 2 1016 2.1461 2.1656 2.1188 2.0448 1.9708 1.9108 1.8655 1.8214 1.7617

* 2 7217 2.6952 1 6754 1.6562 1.6317 1.59,2 1.5349 1.4454 1.3333

1.5632 1.5632 1.5640 1.5665 1.5718 1.5814 1.53978 1.6253 1.6716 1.7524 1.9013

1.9631 2 0050 2.0557 2.1425 2.0980 2.0029 1.9922 1.8380 1.7984 1.7411 1.6281

1.5846 1.5619 1.5482 1.5373 1.5242 1.5019 1.4583 1.366S 1.3333
* 1.6722 1.6722 1.6740 1.6791 1.6858 1.6989 1.7202 1.7539 1.8054 1.879 1.3723

* 2.0317 2.0681 2.1178 2.1528 2.1260 2.0559 1.9706 1.1056 1.8676 1.8162 1.?473

* 1.7012 1.6722 1.6525 1.6353 1.6141 1,5812 1.5270 1.4420 1.3333
1.5306 1.5306 1.5313 1.5335 1.5383 1.5468 1.5615 1.5862 1.6286 1.7044 1 8522
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1 9216 1 9747 2.0421 2 1321 2.1291 2 0747 1 9227 1 8398 1 7844 I 7183 I 6056

1 55 2 1 5362 1 5234 1 5145 1 5045 1 4871 1 4500 1 3644 I 3333
* 1 6301 1 6381 1 6397 I 6434 1 6504 1 6624 1 6821 1 7137 I 7629 1 8355 1 -2F6

* 9929 2 0355 2.0970 2 1361 2 1314 2 0774 I 9501 1 9056 1 5569 1 7979 1 7257

* 6772 1 6476 1 6287 1 6134 I 5954 1 5670 1 5181 1 4382 1 3333

1 49 3 1 4993 1 4999 I 5018 I 5059 I 5130 1 5255 1 5467 1 5834 I 6505 1 7863

1 3562 1 9120 1 9856 2 08i7 2 0921 2 0440 P8072 1 7993 1 7419 I 6770 1 5725

15295 1 5086 1 4974 I 4905 1.4834 14704 14399 13619 1 3333

* 1 6058 I i059 1 6372 1.6104 1.6165 1 6269 1.6442 1 6722 1 7164 1 7828 I 870C

* 9334 I 9782 2 0346 2 0923 2 0958 2 0469 1.947? 1 8706 1 8204 I 7623 1 6937

* Z 479 I j2(4 1 6933 1 104 I 5756 1 5516 1.5083 1.4341 1 3333

1 4691 1 4691 1 4696 1 4711 1 4743 1 4803 1 4905 t 5079 1 5394 1 5954 I 7153

1 7838 1 3403 1 9172 2 0232 2 0331 I 9890 1 .395 1 7480 1 6915 1 6299 1 5363

1 4933 1 48C1 1.4708 I 4657 1 4612 1 4523 4285 1 3590 1 3333
* 5750 I 575? I 5761 I .57S8 I 5839 1.5925 1.6070 1.6307 1.6656 I 7267 1 8048

* 86 7 1 5094 1 9682 2 0301 2 0379 1 9928 1.3963 1 8208 1.7727 1 7189 1 6569

* 6159 1 5915 1 5770 1 56j5 1 5549 5352 4976 4295 3333

43 8 1 4395 1 4401 1 4413 I 443' 44F5 .4566 1 4705 i 4949 1 5410 I 6410

1 70 4 1 7617 1.9385 1.9456 1.9579 1.9182 1.7726 1.6895 1 6359 1 5799 1 4997

1 4670 1 4514 1 4440 1 4406 I 4382 1 4331 1 4157 1.3558 I 3333
* 5453 1 5453 1 5462 I 5493 1.5522 I 5592 1.5709 1.3901 1 6212 1 6694 1 7357

* 1.7873 I 9319 1 8905 1.9536 1 9639 1 9233 1.8330 1 7620 1 7195 I 6715 1 6179

* 58 7 1.5620 I 5501 1 5421 1.5334 1 5179 1 4861 1 4247 1 3333

1 4110 1 4110 1.4113 1.4122 I 4142 1 4178 1,4240 1.4347 1.4535 I 4890 I 5655

1223 i 6744 I 7476 1 8519 1 8603 1.8244 1.6969 1.6238 1.11768 1 5285 1 4629

1 4356 1 4223 1 4170 4151 I 4147 1 4130 1.4019 1.3524 1 3333
1 516.5 1.5165 1.5172 1.5198 I 5218 1.5271 1 5361 1.5509 1 5749 I 6124 I 6646

* 1.70?.8 1.7462 1 9020 1,8623 1.8721 1.8368 1.7583 1.6959 1.6598 1 6216 1 5778

* 5490 1.5322 1 5230 1.5174 1 5115 1 5001 1.4740 1.4197 1.3333

1.3825 I 3825 1.3927 1 3834 1 3849 1.3877 1.3923 1.4002 1,4141 1 4399 1 4920

1.53?4 1.5868 1.6441 1.7195 1 7277 1.7109 1.6237 1.5635 t 5199 1 4776 I 4262

1 4043 1.3941 1 3900 1.3892 1 3905 1.3918 3869 3488 1.3333
* .4805 1.4885 1.4890 1.4902 1 4924 1.4963 1.5028 .5134 1.5306 1 5573 1.5941

* 1,6275 1 6600 1.7148 1.7600 1.7667 1 7422 1.6848 1.6304 1 6008 1 5709 1 5372

* 5150 1 5024 1.4959 1.4925 1.4893 1.4817 1,4614 1.4144 1.3333

1 3536 1.3536 1.3538 1.3544 1.3556 1 3576 1.3609 1.3661 1.3749 1.3903 I 4189

1 4440 1 4649 1.4784 1.4929 1.5066 1 5163 1.5129 1.4807 1.4510 1.4212 1 3880

1 3725 I 3631 1.3626 1.3629 1.3655 1 3696 I 3707 1.3448 1.3333

* 4609 1 4609 1.4613 I 4622 1.4639 1.4666 1 4710 1.4779 1.4886 I 5046 1 5261

* 5464 15736 1.5991 1.6174 1.6236 1.6175 1.5985 1.5686 1.5397 1.5181 1 4959

i.



1 4811 I 4729 1 4;90 1 4616 1.4667 1 4627 1.4482 1 4090 1 3733

3237 1 337 1 3239 3243 3252 1 3267 1388 3318 339 1 3411 I 332

I 3570 I 3643 1.3676 1.3698 1 3700 I 3705 1 3693 1 3638 1 3 91 1 3512 I 3 43

S3 79 1 3 345 I 3341 13I55 13394 1 3460 1 3331 1 3405 I 33 3

1 4328 I 4323 1 4332 1 4339 1 4353 1 4373 1 4404 1 4448 1 4509 1 4592 I 46%8

1 4912 I 4927 1 5016 I 508 1 507 1 5 047 497 5 4968 14746 1 4637 1 4343

1 1 44 I 4435 1 4421 1 4424 1.4436 1 4431 1 4343 1 4032 1 3333

1 2935 I 2925 1 2426 1 2930 1 2937 I 2948 I 2963 1 2983 1 3008 1 3038 1 3074

I 31 1 1 3127 I 3136 1 3141 1 3150 1.3158 1 3153 1.3152 1 3135 I 3102 1 30 0

13047 1 3036 1.3040 1306 13117 1 3207 13338 '3357 13333
1 14033 1 4033 1 4036 1.4043 14053 1 4069 1 4091 14120 14150 1 4200 I 42 0

1 42?9 1 434D 1 4368 1.4394 1.4390 I 4332 1 4360 1 4324 1.4279 1 4231 1 4188

1 41 '7 1 4141 1 4142 1 4150 ; 4192 1 4222 1 4194 1 3 969 1 3333

1 25-6 I 2596 1 2597 1.2630 1 2605 1 2612 1 2622 1 2633 1 2647 I 2661 1 2676

I 2639 ! 2699 1 2707 1.2713 1,2720 1 2726 1 2730 1 2730 1 2727 I 2721 1 2714

1 27;1 I 2715 1 2730 1.27i2 1 2824 1 2935 I 3125 1 3304 1 3333

1 3716 1 3716 1 3719 13724 1.3731 1 3742 13756 13772 1 3792 1 3814 1 38 6

1 3857 1 3973 1 3086 1.3895 1.3899 1 3899 1 3894 1 3984 1.3870 1 3854 1 3840

I 3872 I 383
.  

1 3548 13830 1 3931 1 3995 14030 I 3999 13333

2259 1 2259 1 2260 12262 1 2265 1 2269 1 2275 1 2282 1.2250 1 2298 1 2706

1 2314 ! 2322 1 2328 1 2335 1.2342 1 2348 2 2354 1.2338 1 2361 3 2364 1 2'68

1 3374 1 239 I 24C7 1 2444 1 2,11 1 2617 1 2884 1 3244 1 3333

• 1 3 3 4 I 3384 1.33 '3 1 33?8 1 3393 1 3400 1 3408 1 3418 1.3429 I 3440 1 3452

1 343.3 I 3472 I 3480 1 3437 1.3493 1 3496 1 3498 I 3498 1 3497 I 3495 1 3496

* 35C41 I 3513 1 3t38 I 3591 1 3641 1 3745 1 3845 1 3920 1.3333

1 190 I 1 923 1 1921 1.1922 1.1324 1 1927 1 1931 I 1936 1 1941 I 194? I 1953

1 19t9 1 1965 1 L1372 1 1979 1,1985 I 1993 I 1999 1.2006 1 2012 1 2013 1 2027.

I 20 7 1 2052 1 2075 1 2113 1 2180 1 2313 1.2608 1.3175 1.3333

1 3043 1 3043 1 3344 .3046 1 3050 1 3054 I 3059 1 3065 1 3072 1 3080 1 3087

1 30?5 1 3102 1 3109 1.3116 1.3122 1 3128 1 31 33 1.3138 1.3143 I 3148 1 3156

1 3167 1.3185 I 3215 1 3265 1.3347 1 3473 1 3638 1.3730 1 3333

1 1524 1.1584 1 1585 1,1535 1 1587 1.1589 1 1592 1 1596 1.1600 I 1605 1 1610

11615 1.1621 1.1627 1.1633 1,1640 1 1648 ,1655 .1663 1.1670 1.1678 1 1688

1 16'9 1.1715 1.1737 1,1772 1.1835 1 1962 1 2291 1.3094 1.3333

1 2702 I 2702 1 2103 1.2705 1.2707 I 2710 1 2714 1.2718 1 2723 I 2129 1 2735

1 2742 1.2748 1.2755 1.2762 1.2769 1.2776 1.2783 1.2790 1.2798 1.2806 1 2817

1 2831 I 2851 1 2984 1.2937 1.3027 1 3177 1.3406 1 3627 1.3333

1 1254 1 1254 1.1254 1.1255 1.1256 1,1258 1.1260 1.1263 1.1266 I 1270 1 1275

1 1280 1 1285 I 1291 1.1297 1.1303 I 1310 1.1317 1.1324 1.1332 1.1340 I 1350

1 1361 1.1371 1 .1395 1.1424 1 1476 1 1588 1.1926 1 2999 1.3333

1 2365 I 2365 12365 1,2366 1.2368 1 2371 1.2374 1.2378 1.2392 1 2387 1 2392
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I 23'2 1 2405 1 2411 1 2419 1 2425 1 2433 1 2441 1 2449 1 2457 1 2467 1 2479

1 2493 1 2514 1 2546 1 2599 1 2692 1 2859 I 3147 1 3510 1 3333

1 0971 1 C931 1 0'31 1 0932 1,0932 1 0934 I 0935 1 0938 1 0940 1 0943 1 0947

1 0 9 1 0956 1 09 61 1 0966 1 0972 1 0178 1.0984 1 0191 1 0998 1 1006 1 1014

1 1024 1 1036 1 1052 2 1073 1 21II 1 1193 1 1505 1 2977 1 3333
* 1 2C34 1 2034 1 2034 1 2035 1 2037 ! 2039 1 2041 1 2045 12048 1 2053 1 ZC58

* I 2063 1 2069 1 2076 1 2092 I 208? 1 2097 1 2105 1 2113 t 2122 1 2132 1 2143

* 1 2117 1 2177 1 2206 1 2255 1 2346 1 2522 12860 1 3375 23333

1 616 1 0616 1 0626 2 1 0616 1 06 7 1 0617 1 0613 I 0620 2 0622 1 0624 1 Of"6

1 0629 I 0633 1 0136 1 0640 1.0645 1 0649 1 0654 1 0660 1 0666 I 0672 1 0678

1 16E.6 1 0695 1 0707 1 0717 1 0740 I 0705 1 1033 1 2667 1 3333
* 17!7 I 1717 1 1718 1 1719 1 1720 1 1721 1 1724 1 1726 1 1729 1 1733 1 17 3

1 1742 1 174S 1 1753 1 17 0 I 1766 1 1774 1.1781 1 1789 1 1798 1 1807 1 1817

* 11829 1 1644 1 1969 1 191 1 1991 1 2172 1 2545 1 3203 2 333

1 03,9 1 0309 1 0309 1 0308 1 0300 1 0308 1 30Et 1 0008 1 0309 1 0 10 1 0 31

1 0312 1 0314 1 0316 1 0318 I 0320 1 0323 1 0326 1 0329 2.0333 I 033( 1 0?4C

1 0375 i .35 0 1 0356 1 03 4 1 0375 1 031 I 0576 2077 1 3 3
* 2 14 3 1145 1214 54 1454 1.145f 1 14 :- 11458 1 1460 1 1463 11466 1 149

* 1 2473 1 147? 1 1483 1.1498 1 1494 1 1501 1 250 I 1 1525 1 2523 2 1532 1 1 40

* 15!0 1 1561 1 2578 1.1610 1 2679 1 1847 1 2243 1 2963 23333

1 000 I 0003 1 1 00 210030 2 0000 0000 I 0000 1 0300 1 0030 1 0000 1 0000

I IOMV0 1.0003 1 3300 1 0030 1.0000 1 0000 1 0000 I 0000 I0000 000 1 0000

I 00c' 1 0000 1 0300 1.0030 1. 0000 1 .000 I 0000 1 0300 1 0000
I 1453 1.1453 1 1454 1 1454 1.1455 1 1406 I 1459 1 1460 1 2463 I 1466 I 1461

1 1473 I 1473 1 1483 1 1488 . 1494 I 1501 1.1508 I 1515 2 1523 2 1532 1 1540

* 155.0 1 1561 1.1578 1 1610 11679 1 1847 1 2243 1 2963 1.3333
T 09

%E 07)

TOTr

IEO

41, !



2 IZT CT V E P CY.ED B E L)

L4(r) I i COM*14G VELOC-ITY PROFiLE

F GuR~1 tLLW5TRAPiO F
ACTie PA~CKED BED~



(ro~xo~

r r

A

S0.56 FOR~ THE ABOVE EXPMlPLE

Ei&U4PEP A.~ t CON-f~idOUS
Euu~cri04 or X
Pto r.



0 
x

x 0
x S 

X

0 0

X 0, Xx

0 xx

x x a- xJ

Fiu~ . FOR Mi Of ff\AT( i) L-- UT'l*D4



+ SECOI4D

RE =5000

RE= .2000

130 (POROSITY A1D
VELOShT/ C0NSTAAI7

110 ~ \ TYPE (66) B.C.

\ ~HT/0Pz i'

gov 
K-/DPz ,

70-

AICEDED FOR
CON VR 1NC~ 15

10

0 0.2. O.Lt 01 . .0 . 1LI

gLVAXTN C60FiCiE9iT WS
OPTVrATDPJ f NUnERdm I'VecURE



u 4iFo~R1) VELOCiT/ T/pe () .C.

HT/DP =10. tv&AERI'CAL SOLqT;04

RT/DP =5. WIT14 0 ,AL CodOUcMr'04
+ t1LAICL SOLUTiot'

W~ITHOUT AXiAL CONI>CTi*ON

-r& -TrO16

1 A

FGu' tA,56 COM??,js~t S LA%fc, L



gO0. 21AT X=OJTHT

RT/opz 1o

HT/OP~ 20

A~3

153
o I



+
01.01C) 02

0.9"

D.5.

.1. 0.01.

0.5 -

2000

V/HT
rRT

I I ERROR S P
0.1 r/RT 0- 0.7 .9FutZriN OF

X=0.5HT FiGUR E7 POSiTiON



-1 r=o.5RT

I I r/RT
X =0.5-HTJ

SECON'D DER~IVI9TlVeS
Li~E _8 A~S A FUiNT'ION or

p05 iQNor



A)

Nj) CbAJST%4JT VCLOOITY

W)~ Tu(RB(ALetT \/k- Ekr

..AFiGURE 9. VELOCITY PKDiLES

Ir/ PT t) q 0 .9 V



I~I
Zc Q- 3

I' - v-
Q)

or~



C0RPWDPOG4 i,1 L dft*AfiCL SOLUATEOP
- - -WiTH0t4T AXiAL CONUCTOI4

CorlSTPA4T SW~PeWi cAL VgLOCi-ry
RZ 4000'

2.0. P >1

d lq basco o4' pq4c,& Rg

HT/DP~ ~
19- RT/DP- 5

Tw)= .0 0C

V

I F;GUARE It. re feC7 01 F o4'~ r&

i3t

(pol cRt PbrL



-CbRosPodloid& dumERick,. SOLUniON~
WiiT4OUT AXA~L COJ0uc-iod .

*TtU BJLENTSMAPEREicRL VELOCITY

R9 400

da biAS60 oP4 AAAG R

X= HT

HT/DP ;D

RT/op =5.

(-i1b G /AR 1 reAK--R



PARAOL;C SupeRFIiilL VELoci-ry

dIU &ASC-0 0'1 /AV6R ~E- RE

X= HT
RT/inP=5S.
HT/PP= 20.

C CORcS PoNDW
NWAnERCAL .SOL'r4

WiTH1OUT ftXrAL

//R
Fi~uE1.-G-PR-1R



- -- A'mCR;CAL SoLwriopl A)TH" Re 5000.
Nu BAS6o 04 AVER*E RE PE 20.

tJMMERiCAL swxrios W'rN RT/VP 10.
1~ BSWO4L~cL ~RT/DP~ 5.

2.0 Ir TYPE (W' B.C.

+ TYPE Ud) B.C.

Typ- (,iU) 8. C.

(T& -TO)
(To -TO)/

2.0. 'N.J j/

/ FI&AGR 14.* X= HT
1/- Lr FC-r Of



1.

0.9.

0.7

0.9. TYPE (iA' B.C.
Tw 300C

RE= q250

X= HT
COMPLATEfV ORA

EXPERimEt4TAL

-rG- To

* * ,.T/Dp 10

0 15 r/RTr FiG'R~ i~. ClNWARiSOO T -r ) PEPir'*AT~l,



PE 20

7&/To

i.RE=
X/HT

LI

1.14 6.IR

EffC* D~.2
Fp~



I -F R CTI0'4 DE Y!1E

• . @ 92,r??@?? 2? Jt4racaQp rdr

@'dF4Cfrf? 9 C,

[A ( J AC A .@ @@ .@@ @ @ @ k@ ? ,-A@ 1 @9 @ @@@ @@@ . .f 2 c aC

P? tj I ? p ? .090_0E C1-1 ?GC CAI.IU @ 4 0 9 E ! CLA SES =?2.0"I

L a 2 Qt-O 9 ? T ?2 200t-i?

C4 C3' ? -C .3C i C

2 14 3 0I8 Y .- 2 2 Q.2 4-p

c- ~rsCcd 9 ? 9 13o2 :iLrjf@ @a@ @,

Ml N1.U =o. :00--o1: MoXLU, 4. 0000-o, R-CLSES= .0

* LT. 2.0C-']E-0. LT. 2.200E-C1PI

L , C4.0CE-01 ? L@ 200E -0C

* L, 9.JE0 0 LLa I?000 kT/b? 10,dci

= LT. l.400E-0I ? Li. 3.200E-01 /,

$ LT. l.690E-01 N' LT. 3.600E-01

X LC4 200-OI @ Li2 4000E01

I

@ Ci ii9 @ ?



t t

* IL 44444t

4hGU JG07 *-L FO\4 4 I-AG



4+ + f~6

+ C S7W E

H-/

+
+T TYPE AW S. C.

1 -T/DP-- 2

FW -To x o15 H~T

I r/Rr

r=0.4-rT

F;Cv A5 1. RADfAL P~to AXIAL T1AP IR i.

I7



ID-7

x o

r/ RT

200

ILO

in

+4 r 0.LfRTI

2o 
I

FGUR6 I'j E VARi AI iNos X/HT I
x ANO r



t + 1HT/Op=:20.

0+ + 0RT/PP: 10

0

VARlRBLE E

TW: 20OIn

To~ 15 C

FIG(AIZE 9-. C-FFE.CT O I r/ RT



3 .IS OTHER L WALL /

3-(TyPE(ii)) / ,

+AIfABPTfC P)A LL

2- (-ry p ( w)) ___/

RE=f 000.

+ + H-r/P-=20

T& -TO kIH 6.51~

TW) -TO M.0,

r/RT

0

I04

X=HT
it ISOTHCERMAL

WA1LL

-rwro TO

II~'4R~ 1. 5FF~T ~~C A~JDr/RT

PJiTOaoF 8ioCAG
- - -- 773



DAT

DIC


